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LOAD RELAXATION STUDIES OF A METALLIC GLASS

T. D. Hadnaqgy, D. J. Krenisky, D. G. Ast and Che-Yu Li

Department of Materials Science and Engineering
Cornell University, Ithaca, New York 14353

This note reports experimental results of load relaxation
studies of a commercial metallic glass (METGLASN“2826) as a func-
tion of temperature. The data suggests that metallic glasses ex-
hibit deformation behavior with flow laws similar to those govern-
ing plastic deformation in crystalline solids. The lack of appreci-
able work hardening on annealed material and the identification of
an anelastic component are also indicated by the experimental ob-
servation.

The deformation properties of metallic glasses were reviewed
recently by Davis.-‘t He discussed the possibility that metallic
glasses exhibit deformation properties governed by dislocation mech-
anisms and show little capacity for work hardening. Recently
Murata and co—workergg‘showed that non-elastic deformation in
metallic glasses contains two separate components: a time depen-
dent and recoverable anelastic component and a time dependent and
non-recoverable plastic component. They argued, however, based on
their observations that metallic glasses can be hardened by strain-
ing.

¥
oad relaxation experiments have been extensively used in the

investiyation of non-elastic properties of crystalline solids in

n with the work on the development of a plastic equation
3,4,5

conjunct

of state. They have the advantage that they can be used to

\
generate stﬁgss-strain rate data covering a wide range of strain

rate while avwiding the occurrence of plastic instability in the
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specimen.S This is particularly useful in the investigation of
metallic glasses.

Load relaxation data of a large variety of crystalline solids
have shown that the same flow laws for plastic deformation (stress-
strain rate relations) apply.5'6’7The contribution of the anelastic
deformation component can be identified by the failure of a por-
tion of the stress-strain rate data to be described by the flow
laws for plastic deformation.5

Based on the work mentioned above a deformation model was
developed for non-elastic deformation by using the state variable

approachp In the present work the same model will be adopted to

analyze the load relaxation data of metallic glasses.
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EXPERIMENTS

The tensile specimen used was made from a commercial metallic
glass ribbon [METGLAS 2826 (0.65x0.0023 in.)] by polishing with
220 grit emery-paper. It had a gage section of 2.2x0.006x0.15 cm.
The load relaxation experiment was carried out by using a table
model Instron testing system. After the temperature of the speci-
men and the testing system was stabilized, the specimen was loaded
at an extension rate of .02 in/min (.056 cm/sec) to the desired
stress level. The crosshead was then fixed and load relaxation re-
sulted from the conversion of the combined elastic strain of the
test system and the specimen to non-elastic strain of the specimen.
The rate of load relaxation was related to the non-elastic strain
rate of the specimen through the combined modulus of the test system
and specimen. The experiment yielded data in the form of load vs.
time which was analyzed to yield a log o vs log ¢ (0, stress and
¢, non-elastic strain rate) curve for a particular load relaxation
run. Throughout this study the specimen deformed homogeneously

without the formation of shear band.

RESULTS AND DISCUSS ION

Typical load relaxation data obtained at 270°C in the form of
log ¢ - log ¢ curves are shown in Figure 1. Each curve represents
the data obtained from a load relaxation run. The specimen used
was first annealed at 300° for 8 hours prior to the load relaxation
experiment at 270°C. All the curves shown in Figure 1 were obtained
on a single specimen, by re-loading the specimen after a load re-
laxation run to a higher stress level and continuing raising the

stress of each subsequent run until failure. The length of each

- g ——
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load relaxation run ranged from a tew hours to in excess of a day.
The order of the runs are as given in Figure 1. The data of the
first run and the third run are not shown due to alignment and
temperature control problem respectively.

Each log o - log ¢ curve suggests distinctly two types of be-
havior. The initial portion of the load relaxation data (high
strain rate portion) shows an extremely high stress exponent (>100.

the inverse of the slope of the log ¢ - log ¢ curve). As the ex-
periment proceeds (low strain rate portion), all the log o - log N
data merge into a single curve and show a significantly lower
stress exponent of about 4. These results are consistent with the
deformation model based on the state variable approach and the ex-

3,4.5,6 such that the initial

perience gained on crystalline solids
high strain rate portion of the relaxation data reflect the contri-
bution of anelastic deformation and the low strain rate portion of
the data show the stress~strain rate relation of plastic deforma-
tion. These results also suggest the lack of significant work
hardening as well as the absence thermally induced structural change.
Discussion will be made in the following to support these possi-
bilities.

The deformation model of interest was developed to describe
the non-elastic properties of the grain matrix of crystalline
solids and has been tested extensively by using a variety ot

8
crystalline metals and alloys.3'4'5'

1t consists of two branches
in parallel. One of the branches includes an anelastic spring in
series with a plastic element (a-element) which governs plastic
deformation at high homologeous temperatues and/or low strain rates.

The other branch contains a non-elastic friction element which

- - — -
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represents dislocation glide controlled processes and is important
at low homologeous temperatures and/or high strain rates. The
magnitude of the anelastic strain a is linearly related to the
stress on the anelastic spring through its modulus. The non-
elastic strain rate of the specimen ¢ is represented by

e =a+a (1)
where a is the anelastic strain rate and a is the plastic strain

rate of the a~element. The following relations are of present

interest:

In(o*/0 ) = (c*/a) (2)
é - aa(of/m“ (3)

g = oa + “f (4)

Ua = Ma (5)

where o* is the hardness parameter which measures the hardness
state of the specimen, o is the stress on the &—element, o is

the stress on the element controlled by dislocation glide, ¢* is
the rate constant for the a-element, a* is the rate constant for
dislocation glide controlled element, o is applied stress, M is

the anelastic modulus and A and M are two constants which determine
the shape of the constant hardness (o*) log o - log ¢ curve.

The hardness parameter o* determines a unique log o - log ¢
curve and can be changed by work hardening or by thermally induced
structural changes. Equations (2) and (3) above represents the
a-element and the dislocation glide controlled element respectively.
Typical values of » and M for crystalline metals and alloys are ),
near 0.15 and M, between 7.5-8.3'4'8

According to the above model, during the initial loading of
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the specimen, the non-elastic strawn rate of the specimen retlects
mostly the inelastic strain rate a. This is because the initially
stored anelastic strain of a well annealed specimen 1s close to zero.
As the crosshead 1s fixed, the initial portion of the load relax-
ation is still controlled by the anelastic strain rate a due to the
fact that the build-up of stored anelastic strain is governed by
Equation (3) and requires a finite time. Consequently the initial
portion of the loa o - log ¢ data cannot be presented by either
Pquation (2) or (3). At longer relaxation times, the rate of load
telaxation decreases and plastic deformation becomes important .

For the interest of the present discussion, the shape of the low strain
rate portion of the log o0 - log ¢ curve [BEquation (2)] retlects the
extremely high hardness (0%) value involved. During the later stages
of the relaxation period the stored anelastic strain will decrease
significantly with time as described by BEquations (3) and (%) . Thus

during reloading and the portion of the load relaxation immediately

following reloading the anelastic strain rate a will be controlling again.

I1f following reloading to a higher stress the specimen has not
been hardened by detormation (o* unchanged), the log o - log ¢ data
obtained atfter aneclasticity has taken its toll, will coincide with
those obtained in the previous load relaxation run within the ervror
of the exporiment. This is shown by the data in Figure 1. A nove
detailed analysis shows very small but systematic shitts ot the
order of the experimental ervor of the slove of these curves,

It 18 noted that tor crystalline solids, atter rveloading to a
higher stress level, because of work hardening, invariably a sub-
stantially new log o = log ¢ curve will result. 1t is noted also

the data shown in Figure 2 suggests the absence of a thermmally in-




duced structural change.

The existence of both the anelastic component and the plastic

component of deformation suggested above and the very low stress depend-

ence for plastic flow reflected by the overlapping portion of the log
0 - log € curves in Figure 1 are consistent with the results reported
by Murata et al. The low strain rate poriton of the data can be re-

presented by Equation (2) which describes the plastic properties of a

3,4,5,6

variety of crystalline metals and alloys. The solid curve 1in

Figure 1 is calculated by using Equation (2) with a value of log o®
5.9 (o* in psi) and log ¢* = -5.60.
The low stress depencence for plastic flow shown by the present

. . . * . .
data is a direct consequence of the high o involved according to the

&
. be 5
deformation model. The value of o* can be used to estimate the flow

s . . . 9 -
stress at high strain rates for crystalline solids.” The value of o¥

-
(7,9x10‘p5i0r 547 MPa) given above is considerably higher than the high

flow stresses reported in the literature for Fe-Ni base metallic aglasses.

It is possible that the flow stress determination in a tensile test on

metallic glasses will be lower than o* according to Equation (2). Based

on recent work on work-hardening, the ability of a material to work

; " 4 . 5
harden is significantly reduced at hiagh hardnesses (o%). The lack
of work-hardening suggested by the data in Figure 1 is therefore con-

sistent with the high o* value given above. Essentially the present

data suggest that we are observina here the properties of a highly work-

hardened crystalline solid. The deformation model will predict there-
fore little capacity for work hardening and a low stress dependence
for plastic flow.

Figure 2 shows load relaxation data at 270°C obtained by using

a specimen in the as-received condition without annealing at 300°C

e . 4
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prior to the load relaxation experiment. These log o - log ¢
curves have shapes similar to those given in Figure 1. However, the
low strain rate portion (plastic part) of these curves do not coin-
cide as well as those shown in Figure 1 reflecting the effects of )
structural rearrangement. Apparently annealing at 300°C improved
the stability of the structure of the specimen. The improved sta-
bility found just below the annealing temperature has also been
shown by Krenitsky and Astg in their work on shear band deformation.

Figure 3 shows the load relaxation data obtained at room temp-
erature by using as-received specimens. More than one specimen was
used to obtain these curves. These curves show extremely high
stress exponent (the inverse of the slope of the log ¢ - log ¢ curve) .
By comparing with the curves in Figure 1, the room temperature curve \
suggests qualitatively the importance of anelastic deformation.
Work i1s in progress in this laboratory to determine the flow laws
for anelastic deformation in metallic glasses and to compare with
those found in crystalline solids.7 It should be noted that the

data fit by using Equation (2) and shown in Figure 1 depends on the 1

identification of the high strain rate portion of the log o - log .

curve to be controlled by anelastic deformation. Information ob- ]
tained on anelastic deformation together with the constitutive re- i

lations given previously can be used to account for the high strain

rate portion of the log ¢ - log ¢ data quantitatively in order to
support the present analysis of the low strain rate portion of load

relaxation data.

In summary the load relaxation data obtained in this work sug-
gest the possibility that non-elastic deformation in metallic

glasses is controlled by dislocation mechanisms. Both the anelastic

component and the plastic component of deformation were identified
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and the latter was found to be described by the same flow laws as
those for plastic deformation in crystalline solids. The present
data also supports the lack of substantial work hardening in
metallic glasses.

This work is supported by Energy Research and Development

Administration and by the Office of Naval Research.
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FIGURE CAPTIONS

Figure 1: Log ¢ - Log ¢ data for METGLAS 2826 obtained at 270°C '
after an 8 hr. anneal at 300°C.

'

Figure 2: Log ¢ - Log ¢ data for METGLAS 2826 obtained at 270°C ;

'

without preannealing.

Figure 3: Log 0 - Log ¢ data for METGLAS 2826 obtained at 20°C.
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